The Statistical Experimental Design techniques are the most powerful tools for the chemical reactors experimental modeling. Empirical models can be formulated for representing the chemical behavior of reactors with the minimal effort in the necessary number of experimental runs, hence, minimizing the consumption of chemicals and the consumption of time due to the reduction in the number of experimental runs and increasing the certainty of the results. Four types of nonthermal plasma reactors were assayed seeking for the highest efficiency in obtaining hydrogen and ethylene. Three different geometries for AC high voltage driven reactors, and only a single geometry for a DC high voltage pulse driven reactor were studied. According to the fundamental principles of chemical kinetics and considering an analogy among the reaction rate and the applied power to the plasma reactor, the four reactors are modeled following the classical chemical reactors design to understand if the behavior of the nonthermal plasma reactors can be regarded as the chemical reactors following the flow patterns of PFR (Plug Flow Reactor) or CSTR (Continuous Stirred Tank Reactor). Dehydrogenation is a common elimination reaction that takes place in nonthermal plasmas. Owing to this characteristic, a paraffinic heavy oil with an average molecular weight corresponding to C15 was used to study the production of light olefins and hydrogen.
Introduction
Nonthermal Plasma reactors have shown an increasingly attraction power due to their ability in destroying hazardous compounds in flue gases as well as their potentiality in producing more valuables compounds from raw materials of low value, sometimes representing waste or disposable materials.
The plasmas generated by electrical discharge in gases have a variety of application fields. During a discharge in a gaseous media, free electrons gain energy from the applied electrical field and loose this energy through collisions with the molecules of the gas. The energy transference to the molecules conduce to the formation of various new excited species, including atoms, metastable species, free radicals and ions, all of them chemically actives and hence, able to be precursors in the formation of new stable compounds. Then, the highly energetic electrons are responsible of the chemical reactions, in a direct way by collisions, or in an indirect way by the creation of free radicals that in turn can initiate and propagate the chemical reactions. The plasma chemistry is the field that takes into account the chemical reactions occurring in a partially ionized gas. Dehydrogenation is a common reaction, whose driving force is the large concentration of atoms and free radicals found in organic plasma systems which can react to abstract hydrogen. Compounds such as paraffins normally form a variety of products, which, depending on the reaction conditions, may contain considerable amounts of olefins, eliminating hydrogen easily and with high yields [1] .
The main goal of the present paper is to apply the Statistical Experimental Design techniques for studying the behavior of nonthermal plasma reactors, trying to classify them into the ideal "plug flow" or "well mixed" patterns. The design equations for flow conditions establish that the reactor volume is the physically occupied by the reacting fluids. From this concept, the nonthermal plasma reactors volume is considered that which is confined into the gap distance between electrodes. In this way, changing the carrier gas flows and the gap distance between electrodes many residence times can be obtained. Then, using the mathematical models for ideal plug flow reactors (PFR) and continuous stirred tank reactors (CSTR), and plotting the reverse of the reaction rate versus the products concentration, the corresponding areas under the curves are calculated. Finally, the calculated areas that, respond to mathematical models of the ideal CSTR and PFR reactors, are compared with the experimental values to infer the behavior of the nonthermal plasma reactors flow pattern.
Four nonthermal plasma reactors were constructed to study the reaction of heavy oil with an average molecular weight represented by C 15 paraffin. The main products obtained were ethylene and hydrogen. Other olefins of low molecular weight (C 3 and C 4 ) were also obtained, but in very low concentrations [2] [3] .
This work was developed from a very novel point of view: the modeling of nonthermal plasma reactors as ideal chemical reactors CSTR (Continuous Stirred Tank Reactor) and PFR (Plug Flow Reactor). The high complexity of modeling nonthermal plasma reactors lies in the lack of thermal equilibrium between the gaseous mass (at near-room temperature) and the electrons that acquire high temperatures because of the strong electric field applied. This characteristic of nonthermal plasma reactors makes this paper a very interesting and novel approach because the absence of thermal equilibrium disables the use of classical thermodynamics and therefore, the use of the concepts of chemical equilibrium.
Mathematical models of ideal chemical reactors assume the state of thermal equilibrium as the starting point. According to the flow patterns, the state of thermal equilibrium is radial for Tubular Plug Flow Reactors and in the complete volume for Continuous Stirred Tank Reactors with thorough mixing.
Statistical Treatment
Often, the common situation in experimental research is to look for the most desirable conditions of experimentation depending upon some pre-selected criterion as, say, the determination of optimum operating conditions of a reactor.
One possible way is to use the experimental information to construct mathematical models capable of representing the actual state of the process. These models must correlate target parameters, such as efficiency or yield, with those variables that may exert influence over them. So, the study is oriented towards obtaining experimental data, selecting the appropriate model and estimating the parameters involved in the model [4] .
The Response Surface Methodology (RSM) is a collection of statistical and mathematical techniques useful for developing, improving and optimizing processes. The most extensive applications of RMS occur in the industrial world, particularly in situations where several variables potentially influence some performance measure or quality characteristic of the product or process. This performance measure or quality characteristic is called "response", while the input variables are called "independent variables" because they are subject to the control of the engineer or scientist, at least for testing or experimental purposes. So the Response Surface Methodology (RSM) allows the researcher to have a graphical perspective of the problem and of the process optimization in the vicinity of the maximum [5] [6] .
In the practical application of the surface response methodology (RSM), it is necessary to develop an approximating model for the true response surface. The underlying true response surface is typically driven by some unknown physical mechanism. The approximating model is based on observed data from the process or system and it is an empirical model. Multiple Regressions is a collection of statistical techniques useful for building the types of empirical models required in RSM [5] [6] .
As a preliminary approach, a first-degree-polynomial model is considered. The design chosen for an efficient fitting and checking of this model is a complete factorial experimental design at two levels. This design is characterized by the fact that each variable can only assume two values: maximum and minimum, which are called "levels of the variables". The number of trials is equal to all the possible combinations of the variables and levels chosen. These designs cannot afford an estimate of the experimental error unless some runs are repeated. A common method of including replication in the design is to augment the design with several observations at the center of the range of each variable. Then, the experimental error is calculated with experiments that are repetitions at the center point of the design.
The results of the factorial experiments are processed statistically for the calculation of the main effects and the interactions. The main effect of a variable should be individually interpreted only if there is no evidence that the variable interacts with other variables. When there is evidence of one or more interaction effects, the interacting variables should be considered together. The effect of a variable is defined as the change in the response produced by a change in the level of that variable. When the difference in response between the levels of one variable is not the same at all levels of the other variables, there is an "interaction" between those variables [4] - [6] .
For the present research, a complete factorial experimental design at two levels was selected as a preliminary approach to a first-degree-polynomial model.
Experimental
Taking advantage of the potentiality of the Statistical Experimental Design techniques, four types of nonthermal plasma reactors were assayed seeking for the highest efficiency in obtaining hydrogen and ethylene. Three different geometries for AC high voltage driven reactors (Plate-Plate, Packed-Bed, Needle-Plate) and only a single geometry for a DC high voltage pulse driven reactor (Coaxial) were studied. The variables selected were "input power", "gap distance between electrodes" and, "carrier gas flow".
The experimental runs were carried out according to a "central composite experimental design at two levels" [4] . 
Results and Discussion
The rate of reaction (−r j ) is defined as the number of moles of a reacting substance that disappear or the number of moles of a product appearing per unit time and per unit volume (mol/liter min). In heterogeneous reaction systems, the rate of reaction is usually expressed in measures other than volume, such as reaction surface area or catalyst weight. Thus, for a gas-solid catalytic reaction the dimensions of the rate, ( j r′ − ), are the number of moles of A reacted per unit time and per unit mass of catalyst [7] - [10] .
Experience has shown that the rate of a reaction is influenced by the "composition" and the "energy of the fluid". Energy has to be interpreted as the temperature (random kinetic energy of the molecules), intensity of radiation inside the system (can affect the atoms binding energy), magnetic field, electric field, etc. [11] . Four nonthermal plasma reactors were constructed to study the reaction of heavy oil with an average molecular weight represented by C 15 paraffin. The main products obtained were ethylene and hydrogen. Other olefins of low molecular weight (C 3 and C 4 ) were also obtained, but in very low concentrations [2] [3] .
A kind of reactor very commonly used in industrial processes is the Continuous Stirred Tank Reactor (CSTR reactor), which normally operates in steady state in a perfectly well mixed mode. As a consequence of this hypothesis of flow, the CSTR reactors are modeled without space variations of the concentrations, temperature and reaction rate, which means that the output value of these variables are identical to those inside the reactor. Then, the design equation of a CSTR reactor gives the necessary volume of reactor to reduce the molar flow rate value at the inlet (F jo ) to the outlet molar flow rate value (F j ). Then, V = (F jo − F j )/(−r j ).
Another very common reactor in industry is the Plug Flow Reactor (PFR), which consists in a cylindrical tube normally operating at steady state. For turbulent flow patterns, the PFR can be modeled under the hypothesis of plug flow, which implies no existence of radial gradients of concentration. In the PFR reactors, reactants are continuously consumed as they flow along the reactor. Then, the rate of reaction, which is a function of the concentration, also varies axially. Thus,
. Plotting (1/r j ) vs (F j ), the area under the curve represents the reactor volume. Analogously, for the CSTR reactor, because the reaction rate is constant, the volume is the area under the curve of a rectangle obtained multiplying (1/r j ) by (F j ).
The above mentioned theoretical concepts of the rate of reaction and the modeling of CSTR and PFR reactors, give us the bases for assuming the following considerations: the analysis of data from the experimental runs carried out with the nonthermal plasma reactors gave information about the effectiveness of the reactors in carrying out the conversion of heavy oil into light hydrocarbons. The variable calculated was the Efficiency (E), expressed in the units (microliter/Joule) and defined as the ratio between the Total Flow Rate of Carbon Compounds (exiting the reactors) and the corresponding Input Power. Efficiency, then, was considered as the rate of products formation expressed as (microliter/Joule) equal to (microliter/W.sec), and transformed into (µmol/W. sec), regarding the gaseous products as ideal gases. Then, Efficiency gives the µmoles of gaseous products per unit of time and per unit of power. This is the main analogy that considers the efficiency as the rate of gaseous products formed in the nonthermal plasma reactors equivalent to the rate of the chemical reaction, defined as the number of moles of substance converted or produced per unit time and per unit volume (mol/Liter.min) [7] - [10] . Table 1 shows the experimental results obtained for all the reactors here assayed.
From this assumption and using the experimental data, graphics were made by plotting (1/Efficiency) vs (F j ), F j being the number of gaseous products produced per unit of time expressed as (micromoles/sec). Figure 5 shows this graphic for the plate-plate reactor.
As in the analysis for CSTR and PFR reactors, the areas under the curves were calculated. In the case of the nonthermal plasma reactors, the areas under the curves represent the input power expressed in watts instead of the volume obtained from similar graphics for the CSTR and PFR reactors. The areas under the curves in Figures 6-10 represent the power consumed (input power) to obtain the corresponding molar flow rates of gaseous products F j . These areas, in turn, represent their respective efficiency. The "real input power" for each reactor is shown on the graphics.
Only in the case in which the "input power" is about the same as the value of the "area" can we conclude that the respective nonthermal plasma reactor behaves like a "Plug Flow Reactor" or a "Continuous Stirred Tank Reactor".
From the analysis of the graphics, the plate-plate reactor is the only one that corresponds to the Continuous Stirred Tank Reactor model (CSTR). As regards the plug flow pattern, none of the reactors behave like a Plug Flow Reactor (PFR).
During a discharge in a gaseous media, free electrons gain energy from the applied electrical field and loose this energy through collisions with the molecules of the gas. The energy transference to the molecules results in the formation of various new excited species including atoms, metastable species, free radicals and ions, all of them chemically active and, therefore, able to be precursors in the formation of new stable compounds [1] . Interactions between the excited species, generated by Coulomb forces, can either attract or repel each other, com- municating these forces to the surrounding fluid through the reactions between the charged entities (ions, electrons, particles, etc.) and the fluid [5] . Moreover, the flow patterns inside the nonthermal plasma reactors are greatly influenced by the electrodes geometry. Strong nonuniform electric fields are generated in the "needleplate reactor due to its needle electrode as well as in the "coaxial reactor" due to its small diameter wire electrodes On the contrary, for the "plate-plate reactor" the resulting electrical field is uniform. According to the experimental results for modeling the "plate-plate", "packed-bed", "needle-plate" and "coaxial" nonthermal plasma reactors where the conversion of heavy oil was carried out to obtain light olefins and hydrogen, the plate-plate reactor is the only reactor that corresponds to the Continuous Stirred Tank Reactor model (CSTR). This means that the plate-plate reactor behaves as a perfectly well-mixed flow pattern. Most probably, the reason is the homogeneity of the electric field. Nevertheless, when the space between the plates is filled with pellets of a dielectric material, the reactor (packed-bed) does not behave with the same flow pattern as the plate-plate reactor. In the vicinity of each contact point between the pellets, discharge is taking place. This could mix the fluid well and this mixing is effective within the stream passing through a channel formed by the contacting pellets. In the downstream, this channel is mixed with the next channel. Therefore, mixing of the whole fluid could be possible after several stages of the pellet layers. Though Reynolds number is very low, the discharge enhances the mixing. This is an important feature of the plasma reactor.
Regarding the well-mixed flow pattern, the tendency of the experimental results obtained for the packed-bed, needle-plate and coaxial reactors seems to reach a plateau at the value of their respective input power for higher molar flow rates beyond those here assayed. The flow behavior of all the nonthermal plasma reactors here studied is far from the plug flow pattern, as it is that of the ideal PFR chemical reactor.
Regarding the performance of the process, the plate-plate nonthermal plasma reactor, among all the reactors assayed, showed the best efficiency in converting heavy oil into hydrogen and light olefin hydrocarbons as well as the best selectivity towards hydrogen production.
The selected output variables were: Efficiency of the process in producing hydrogen Efficiency (µL/Joule) = Hydrogen produced/Input Power Selectivity of the process in producing hydrogen Selectivity (vol. %) = Efficiency (H 2 )/Efficiency (total C compounds) The Statistical Experimental Design techniques are the most powerful tools for chemical reactors experimental modeling. Empirical models can be formulated to represent the chemical behavior of reactors with the minimal effort in the necessary number of experimental runs, thus minimizing chemicals and time consumption due to the reduction in the number of experimental runs and increasing the certainty of the results as well.
A convenient way for the comparative graphical representation of the experimental results is displayed in Figures 11-13 .
The Analysis of Variance for the experimental results demonstrated that there exists a strong interaction between the variables Input Power and Gap Distance. This means we cannot predict how the Efficiency is going to change if the variable Input Power is modified because the response of the system will depend on the particular value of the variable Gap Distance.
The complexity derives from the fact that there is interaction between all the factors above mentioned. This means that the effect of each and every variable cannot be evaluated independently. The effect each one may exert on the system will depend on the particular conditions established for the rest of the variables.
These conclusions are guaranteed by the application of the statistical experimental design techniques, which are fundamental tools for such highly complex systems. Table 2 shows the conditions and the experimental results obtained in processing heavy oil (n-C10 to n-C25) with a cold plasma reactor of the plate-to-plate type. Figure 14 represents a three dimensional model of the Efficiency in producing the total low molecular weight hydrocarbons.
The analysis of the experimental results showed that there exist strong interactions between the variables Input Power and Gap Distance which do not make the individual analysis for each variable possible. The interaction is evidenced because the same increase in the Gap Distance causes an increase of the Efficiency, duplicating its value if the Input Power is at the lowest level but if the Input Power is at the highest level, the Efficiency exhibits almost no changes. There is also an interaction between the Gas Flow and Gap Distance variables. Clearly, the strong interactions between the variables evidence the high complexity of these systems and can Statistical experimental design techniques are worth emphasizing because they lead us to find the parametric sensibility of the system, if any, among all the variables studied within the selected experimental ranges. The significance of high process efficiency in producing light olefins lies in the fact that it implies efficiency in producing hydrogen gas as well.
Conclusions
The Statistical Experimental Design techniques are the most powerful tools for the chemical reactors experimental modeling. Empirical models can be formulated for representing the chemical behavior of reactors with the minimal effort in the necessary number of experimental runs, hence, minimizing the consumption of chemicals and time, due to the reduction in the number of experimental runs and increasing the certainty of the results. Four nonthermal plasma reactors were constructed to study the reaction of heavy oil with an average molecular weight represented by C 15 paraffin. The main products obtained were ethylene and hydrogen. Other olefins of low molecular weight (C 3 and C 4 ) were also obtained but in very low concentrations. During a discharge in a gaseous media the energy transference from the applied electrical field to the molecules leads to the formation of various new excited species (atoms, metastable species, free radicals and ions), all of them chemically active and therefore, capable of being precursors in the formation of new stable compounds. Moreover, the flow patterns inside the nonthermal plasma reactors are greatly influenced by the electrodes geometry. Strong nonuniform electric fields are generated in the "needle-plate reactor" due to its needle electrode, and in the "coaxial reactor" due to its small diameter wire electrodes. On the contrary, for the "plateplate reactor" the resulting electrical field is uniform.
According to the experimental results for modeling the "plate-plate", "packed-bed", "needle-plate" and "coaxial" nonthermal plasma reactors where the conversion of heavy oil was carried out to obtain light olefins and hydrogen, the plate-plate reactor is the only one that corresponds to the Continuous Stirred Tank Reactor model (CSTR). This means that the plate-plate reactor behaves as a perfectly well-mixed flow pattern. The most likely reason for this is the homogeneity of the electric field. Nevertheless, when the space between the plates is filled with pellets of a dielectric material, the reactor (packed-bed) does not behave with the same flow pattern as the plate-plate reactor. In the vicinity of each contact point between the pellets, discharge is taking place. This could mix the fluid well and this mixing is effective within the stream passing through a channel formed by the contacting pellets. In the downstream, this channel is mixed with the next channel. Therefore, mixing of the whole fluid could be possible after several stages of the pellet layers. Though Reynolds number is very low, the discharge enhances the mixing. This is an important feature of the plasma reactor.
Experimental results show the nonthermal plasma process to convert a residual Heavy Oil into a gas rich in Hydrogen in a plate-to-plate reactor type is very promising as it reaches a selectivity of about 70%, with the important advantage of being generated free of carbon monoxide formation when using Argon as carrier gas. This method for producing a gas with high content of hydrogen and free of carbon monoxide becomes very interesting and the development of the appropriate technology for the implementation of this process seems worthwhile. It is also worth emphasizing on the importance of the statistical experimental design techniques because they lead us to find the parametric sensibility of the system, if any, among the variables studied within the selected experimental ranges.
As regards the scope of this paper, i.e., the modeling of a group of four nonthermal plasma reactors of the Plate-to-Plate; Point-to-Plate; Packed-Bed and Coaxial types by assimilating their behavior to the ideal Chemical Reactors of the CSTR and PFR types, the modeling approach using the Statistical Experimental Design techniques in a well-defined range of the variables of the system turns to be very novel and useful.
